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ABSTRACT OF THE DISSERTATION

Effect of Long-Term H5rpoxia on Myometrial Contractility
in the Pregnant Sheep
by

Timothy Kimo Arakawa

Doctor of Philosophy, Graduate Program in Physiology and Pharmacology
Loma Linda University, June 2008
Dr. Charles Ducsay, Chairperson

Previous research from our laboratory has shown that myometrial

contractility is reduced in pregnant sheep exposed to long-term hypoxia
(LTH). The studies in this dissertation examined the effect of LTH on

various aspects of Ca^^ regulation, large-conductance, Ca2+-activated (BK)
channels activity and protein expression, and cGMP-dependent protein
kinase (PKG) activity. Myometrium was collected from near-term

pregnant sheep exposed to high altitude-associated LTH and from
normoxic pregnant controls. After pretreatment with IQ-^ M oxytocin (OT),
circular and longitudinal myometrial strips were treated with nifedipine

(L-type Ca?* channel blocker), ruthenium red, ryanodine (blockers of IPssensitive stores), 2-Nitro-4-carboxyphenyI-N,N-diphenyIcarbamate

(NCDC; phospholipase C inhibitor), tetraethylammonium (TEA;

nonspecific K+ channel inhibitor), iberiotoxin (IbTX; specific blocker of BK
channels), or KT-5823(PKG inhibitor). Western blots were also
conducted for BKa and BKp subunit protein. LTH increased the
maximum relaxation response to nifedipine whereas no significant

Xlll

differences were observed in response to ruthenium red or lyanodine.
The maximum relaxation response to NCDC was lower in the LTH

circular layer. No significant differences in response to TEA were found;
however, the maximum tension response to IbTX in the LTH group was

significantly increased. Western blot analysis revealed two P1 subunit
bands (38 and 48 kDa), but did not show any significant differences
between treatment groups or layers. However, the BK P:a subunit ratio

(using either the 48 kDa P band only or combined with the 38 kDa P
band) showed a significant decrease in the circular layer after exposure
to LTH. After treatment with KT-5823, the contractility of LTH tissue

significantly decreased in both layers. We conclude that LTH decreases
reliance on IPs-associated Ca2+ stores and increases dependence upon

Ca2+ entiy through L-type Ca^^ channels. The contribution of SR Ca?^ is

negligible. In addition, BK channel activity is enhanced following LTH,
possibly mediated by a decreased P:a subunit ratio. Finally, PKG
inhibitory activity may be suppressed in LTH myometrium with a
possible switch to stimulatory in the circular muscle.
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CHAPTER ONE
BACKGROUND

The Physiology of Parturition

Parturition is a unique physiologic event that encompasses the

steps leading to the onset of labor and delivery of the fetus. It is a
complex, precisely timed process involving both maternal and fetal
cooperation for successful completion. While the process varies
somewhat in many mammalian species, the majority of the features of
parturition exhibit remarkable similarity.
An excellent example of the major aspects of parturition can be

found in the sheep. In the ovine model, the developing fetus provides the

initial signal. As its h5qjothalamic-pituitary-adrenal axis matures, the
fetus produces adrenocorticotropic hormone which then stimulates
cortisol production in the fetal adrenal gland. This fetal cortisol travels to
the maternal placenta and causes certain steroidogenic enzymes in the
placenta to convert pregnenolone to estrogen rather thain progesterone.
This decreases the levels of circulating progesterone, a so-called

"progesterone withdrawal," and tips the balance of these two maternal
hormones in favor of estrogen. Increasing levels of estrogen, among other

things, promote uterine contractility while decreasing levels of

progesterone limit its suppressive effects on uterine contractility.
Increased estrogen levels also contribute to release of prostaglandins (PG)
which then initiate uterine contractions as well as contribute to cervical

ripening at term. In humans, the endocrine mechanisms are less welldefined, but it seems that many aspects such as fetal-derived cortisol, a

functional progesterone withdrawal and PGs may still be involved,i ® In
any case, a cascade of events is triggered that ultimately leads to
parturition.

The Myometrium: An Overview

Regardless of the exact sequence of events, one of the most
dramatic changes of parturition is the activation of the myometrium. For

most of gestation, the uterus rests in a quiescent, inactive state. As term

approaches, it is converted into a highly contractile organ, capable of the
forceful contractions necessary for expulsion of the fetus during the

birthing process. Located as the middle layer of the uterine wall, the

myometrium is composed of smooth muscle that provides contractile
function during labor and delivery. Unlike vascular smooth muscle which
is tonic in nature, the myometrium contracts in a phasic manner and

exhibits spontaneous contractions with inherent pacemaker function.'^
Uterine smooth muscle is composed of two different layers, one

circular in orientation and the other longitudinal. These layers differ both

in their contractility as well as thbir embryological origins. According to

Sobotta,^ the longitudinal layer comes from the subserosal connective
tissue and the circular layer from the paramesonephric ducts. Numerous
studies have found differences between the two layers such as changes
in electrical and mechanical properties,^ gap junctions,1° catecholamine

receptors,

qT and prostaglandin sensitivity,

and OT and OT

receptor (OTR) distribution.^6-1'''

Contractility: Role of

Regulation

As with all smooth muscle, myometrial contractions are mediated

by intracellular levels of Ca2+. Therefore, a fundamental understanding of
Ca2+ handling within the myoc5de is essential. The major pathways
involve membrane L-type Ca^^ channels and stimulation of

phospholipase C (PLC) through G-protein-coupled receptors.

L-type Ca2+ channels are voltage-gated Ca2+ channels on the
surface membrane that open during depolarization and allow
extracellular Ca?* ions to flow down its electrochemical gradient and into

the cell. Consequently, the intracellular Ca2+ concentration rises,
eventually leading to muscle contraction (Figure 1). In fact, there is

evidence that the myometrium expresses more L-type Ca?^ channels and

becomes increasingly dependent on extracellular sources of Ca^"^ as term
approaches.IS' Also, the OTR can directly activate L-lype Ca2+
channels^o and variouis protein kinases can enhance or inhibit the
channel.21'22

Receptors can also mobilize Ca2+ from internal stores located in the
SR. These receptors are usually coupled to a Gq-protein that stimulates
the PLC pathway (Figure 1). PLC cleaves the membrane lipid,

phosphatidylinositol-4,5-bisphosphate, to generate two second
messengers, inositol-l,4,5-triphosphate (IP3) and 1,2-diacylglycerol (DAG).
IP3 releases Ca^^ from the SR by activating IP3 receptors, and DAG is
involved in the stimulation of protein kinase C (PKC). Ca?* can also

stimulate ryanodine receptors on the SR to release more Ca2+, causing
Ca2+-induced Ca2+ release (CICR). The newly-mobilized Ca2+ then binds to

the Ca2+-binding protein, calmodulin, and activates myosin light-chain

kinase (MLCK) which phosphorylates the myosin light chain and leads to
smooth muscle contraction.23,24

As parturition approaches, Ca2+ regulation is affected by various
other factors specific to gestation including OT, PG, uterine distention,
and Ca2+ sensitization.

The primary purpose of OT, along with the OTR,in myometrium is
to stimulate agonist-induced contractions. This occurs through the
aforementioned G-protein-coupled PLC pathway and results in the
release of Ca2+ from the SR (Figure 1). Depletion of internal Ca2+ stores
has also been shown to induce the influx of extracellular Ca2+ through a

process called capacitative or store-operated Ca^^ entry.25-27 The
resulting elevation of C5dosolic Ca2+ triggers smooth muscle contraction.
The OTR also contributes to sensitization of the contractile
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apparatus by inhibiting the activity of myosin light chain phosphatase
(MLCP), thus decreasing MLCK dephosphoiylation and enhancing
tension

The OTR is rapidly upregulated in myometrium near the end

of gestation and quickly declines after labor.29.3o However, despite the
many links between OT and myometrial contractility, parturition is still
achievable in mice lacking OT. Thus, OT is not required.^i'^s
Certain PG such as PGFaa and PGE2 are potent uterotonic agents.

They are formed from the metabolism of membrane phospholipids into
arachidonic acid (AA) by phospholipase A2 (PLA2) and its further

conversion by cyclo-oxygenase. Each type of PG mediates its actions

through its own corresponding receptor and signal transduction pathway.
For instance, the PGF2a receptor raises Ca2+ levels through

influx

and the production of IP3 whereas the PGE2 receptor elevates
intracellular Ca2+ independent of PLC but involving a Gi protein and a

plasma membrane Ca2+ channel.33.34 in either case, the majority of PG
receptors lead to Ca2+ elevation, an important element in myometrial
contraction. Indomethacin, an inhibitor of PG synthesis, blocks PG

production and prevents uterine contractions.33 The action of PGs may
also be enhanced by a simultaneous downregulatiOn of PG

dehydrogenase near term.36 Interestingly, PG production can also be
enhanced by OT, mostly likely because DAG is a source of AA and
increased Ca2+ can activate PLA2 activity.34

As tJie fetus grows and the uterus expands, the role of stretch
becomes important. Prematurity is associated with multiple fetuses

(twins, triplets) and conditions associated with abnormally large fetuses
such as macrosomnia and excess amniotic fluid, such as

polyhydramnios. In smooth muscle, stretching leads to contraction.^
Stretch cam also induce smooth muscle hypertrophy,^^ and may increase

myometrial contractility through mitogen-activated protein (MAP)
kinases.37 At least one study has reported that myometrial stretch
initiates a rise in intracellular Ca2+ accompanied by contraction.

However, the mechanisms mediating stretch in the myometrium remain
unclear.

Another mechanism of contractility in myometrium is Ca^^

sensitization. This phenomenon occurs when a change in smooth muscle

tension is generated without a change in the intracellular Ca?*
concentration. In other words, the contractile myofilaments can be
modulated to increase or decrease their sensitivity to Ca?*. Contraction is

dependent on the balance between phosphorylation of myosin light
chains by MLCK and dephosphorylation by MLCP. The current

understanding is that RhoA, a small G protein, can inhibit MLCP

through activation of Rho Idnases^^'^^ but that this pathway plays a
small role when compared with the response to increased Ca2+ levels.'''

8

Excitability: Role of

Regulation

Myoc3^es maintain a membrane potential across the surface
membrane to control the excitability of the cell. This transmembrane

gradient is primarily regulated by K"^ channels which allow for K"^ efflux
and hyperpolarize the membrane, making it less likely for depolarization
to occur. In particular, the BK channel is abundant in the

myometrium.43 Also known as the maxi-K channel, this ion channel is
both voltage-dependent and Ca2+ sensitive.
The BK channel consists of a tetramer of a subunits along with a

variable number of P subunits. The a subunit is a large protein that

forms the pore of the BK channel and contains a long carboxy tail with a
Ca2+ sensor. The P subunit is a smaller modulatory protein that
enhances the Ca2+ sensitivity of the BK channel.'^'^

Several subtypes of the p subunit have been described including a

P4 in brain tissue, but the pi t3rpe is common in smooth muscle. The p
subunits can exist in a 1:1 stoichiometry with four p subunits

coassembling with four a subunits although other permutations

involving less than 1:1 stoichiometry are possible. 46 This is a potential
area of regulation since the association of each P subunit exerts an
incremental effect on BK chsmnel gating.

Phosphorylation of BK channels is another mechanism for

regulation of membrane excitability. In ovine basilar arterial smooth
muscle cells, fetal BK channels are phosphoiylated more by PKG

whereas adult BK channels are phosphorylated more by cAMP-

dependent protein kinase (PKA).'^^ Furthermore, PKA can differentially
modulate BK channel activity in rat myometrium depending on

gestational status. PKA-dependent phosphoiylation inhibited BK channel
function in nonpregnant myometrium but activated BK channels in
pregnant myometrium.

BK channels have been reported to form complexes with other ion

channels and receptors in calveolae, specialized lipid rafts in the surface
membrane.49,50 These include L-type Ca2+ channels, >52 OTRs,53 and p-

adrenergic receptors.^4,55 jn the myometrium, BK channels are
upregulated throughout gestation but decrease considerably after
labor.56-5^

Connectivity: Role of Gap Junctions

The myometrium must possess a specialized communication

system in order to propagate an action potential and permit waves of
contractions during labor. Thus the myometrium must transition from
sporadic localized electricgd activity to a S3mcytium with coordinated
contractions just prior to parturition.^® This is accomplished by the

expression of gap junctions, intercellular channels that provide a lowresistance pathway for the propagation of action potentials.
Formed from connexin subunits, gap junctions are hexagonal

pores that allow for the exchange of ions and small molecules between
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neighboring cells. There is ample evidence that gap junctions, especially
connexin-43, are upregulated at the end of term by estrogen in the rat,®!

sheep,®2 and the human. 64 other reports also indicate that gap

junctions are targets for phosphoiylation by protein kinases such as PKA
as well as PKC.®®

Phosphorylation: The Role of Protein Kinase G
The cGMP-dependent kinase, or PKG, is a potential link between

the contractility pathways mediated through Ca2+ and the relaxation

pathways mediated through K+. PKG, which can be soluble or particulate
(membrane-bound), promotes relaxation by phosphorylating different
effector proteins in the cell.
PKG has been shown to activate BK channels in several smooth

muscle types such as vascular smooth muscle,

tracheal smooth

muscle,'^® and myometrium.'''! However, this effect may be dependent on
the particular BK channel splice variant as well as phosphorylation by
PKC.'^^ PKG also can inhibit voltage-gated Ca?* channels^sjs and IP3
receptors.■''4

All these actions would serve to promote uterine quiescence.

Activation of BK channels will hyperpolarize the cell, inhibition of

voltage-gated channels will decrease intracellular Ca2+ levels, and
inhibition of IP3 receptors will attenuate the response to the PLC pathway.
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The Pathophysiology of Parturition
Preterm birth, delivery before 37 weeks of gestation, is a major

clinical problem in the Western world and a key contributor to perinatal
morbidity and mortality. It accounts for approximately 11% of all

pregnancies yet is associated with a 75% neonatal mortality rate.^^'^®
Survivors of preterm birth have an increased incidence of various longterm sequelae such as bronchopulmonaiy dysplasia and

neurodevelopmental disabilities.^7,78 More recently, a longitudinal study
conducted in Norway concluded that preterm birth was associated with
diminished long-term survival and reproduction.79

The Stress of Hypoxia

Hypoxia, defined as inadequate oxygen availability in the ambient
air or tissues, is a common stress during pregnancy that may contribute

to preterm birth. The effect on the organism is usually related to the
duration of exposure to hypoxia. In general, acute h3q5oxia is measured
on the order of minutes to hours while LTH can last anywhere from days
to years.

In particular, exposure to high altitude has been shown to
influence various aspects of parturition. Studies have shown that
mothers living at high altitude give birth to lower weight babies than
their sea-level dwelling counterparts. In Bolivia, 75% of the population

resides at high altitude. They have higher rates of maternal, fetal, and
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neonatal complications such as fetal distress, maternal hypertensive

complications, and intrauterine growth restriction (lUGR). However, the
percentage of preterm deliveries does not differ. In Colorado, a similar
finding showed birth weight declining with increasing altitude although,

again, the percentage of preterm births did not change significantly.

Hj^oxia and the Myometrium

In a non-pregnant state and even during the prenatal period, the

myometrium is relatively quiescent. However, during parturition, the

myometrium becomes a highly contractile organ. This is the time when it
is especially vulnerable to oxygen availability. Like any other tissue, the
myometrium relies on adenosine triphosphate (ATP) for normal cellular
function. Thus the myometrial cell is dependent on oxygen availability,
and as a result, uterine blood flow.
It is well-documented that uterine contractions decrease blood flow

to the uterus.82 It is also known that sheep do not adapt to decreased

ojy^gen delivery to the uterus by increased perfusion.83 Thus, when the
uterine artery is occluded, several metabolites are affected. Levels of ATP,
phosphocreatine (PCr), and pH decrease, and levels of inorganic

phosphate (Pi) increase.

j\TP and PCr have a minimal effect because

levels of ATP do not drop enough and levels of PCr in smooth muscle are

quite low.87 Pj has been shown to depress contractility to a small
degree.88
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Acutely, the most likely candidate responsible for the decreased
contractility is an increase in [H^]. It is well-documented that
acidification can reduce or abolish spontaneous contractions.89-92 This

has been attributed to a change in the intracellular Ca^^ concentration

due to voltage-gated Ca2+ entry.9i.93 Using strips of isolated myometrium,
several studies have shown that contractility is compromised when

nitrogen or cyanide is used to prevent oxidative phosphorylation. This is
true for both spontaneous and agonist-induced contractions.89,94 jt has
also been shown that alkaline conditions generally increase the

contractility of myometrium while acidic conditions decrease myometrial
contractility.^8 Thus, the pH of the uterus increases as pregnancy

approaches.96 Finally, in vivo studies confirm that myometrial
contractions are followed by transient acidifications.85

Although much work has been done with acute hjT^oxia, little is
known about the effect of LTH on the myometrium. Although LTH may be
viewed as a stressor predisposing to preterm delivery, this does not seem

to be the case. In the examples mentioned previously involving mothers

living at high altitude in Boliva and Colorado, the incidence of preterm
delivery does not change significantly.8o,si Previous studies from our
laboratory and others have documented a delay in the parturition of rats
due to a decreased contractility of the myometrium.97-99 This is partly

caused by a decrease in OTRs as well as changes in second messenger
coupling.166
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Additional studies from our lab found similar effects in studies

with pregnant sheep exposed to LTH. In our in vitro muscle bath
experiments, LTH myometrium demonstrated a reduction in maximal
contractile responsiveness to

ajgo found that there was a small,

but significant, reduction in OTRs.^02 More recent studies have indicated
the circular layer from LTH sheep myometrium also exhibits a reduced
contractile response to OT with a parallel reduction in OTR protein.

However, despite an increase in OTR protein in longitudinal muscle,
there were no differences in contractility between control and LTH

myometrium. Therefore, it is likely that events downstream of the OTR
such as Ca2+ regulation are also affected by LTH.
BK channels can also be regulated in response to oxygen levels.
LTH has been shown to increase p subunit expression three-fold in

human embryonic kidney 293(HEK293) cells expressing human BK
channel subunits. This was accompanied by increased a/p subunit colocalization at the plasma membrane.102,104

In another example, BK channel expression can be upregulated in
the fetal pulmonary vasculature. The rapid increase of ojg/^gen availability
in the lungs immediately after deliveiy results in rapid vasodilation of the

pulmonary vessels. During the hypoxic gestational period, the fetal
pulmonary smooth muscle exhibit increased BK channel expression to
respond to acute normoxia. However, during maturation to adult
pulmonary vasculature, BK channel protein and mRNA decrease and
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voltage-gated K+ channels increase,

Thus, genomic alterations in BK

channel expression underlie a long-term response to oxygen conditions.
This effect is also evident in models of persistent pulmonary

h3rpertension of the newborn. In these cases, BK channel expression is
decreased, making the fetal pulmonary system less sensitive to acute
oxygen changes.^
The apparent correlation between BK channels and hypoxia

suggests that these ion channels contribute to the decrease in
myometrial contractility following LTH. However, the role of BK channels
in myometrium during LTH is currently unknown.
In summary, LTH during gestation clearly leads to a reduction in
myometrial contractile function. While the mechanisms behind this
phenomenon are unclear, the evidence distinctly points to a contribution
of Ca^"^ £md K+ regulation. Overall, this information supports the idea
that, despite the long-term stress of h3^oxia, there are adaptive
responses at the level of the myometrium that can potentially diminish
key pathways of myometrial activation.

The Sheep as an Animal Model

The primary objective of the studies in this dissertation is to

delineate the mechanisms by which exposure to LTH alters myometrial
contractility in the sheep. The pregnant sheep is ideal for stud3dng these
effects because it represents a well-established animal model for
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parturition, and separation of myomatrial muscle layers for in vitro
contractility experiments is readily accomplished. The sheep is also a
widely used model for studies on the effects of LTH during pregnancy.

Specific Goals and Objectives
The series of studies examined in this dissertation began with the

observation that prolonged exposure to hj^oxia consistently delays

parturition in the pregnant rat. As a result of closer investigation by Dr.
Joon Rhee, it was concluded that chronic h3^oxia decreased the

myometrial response to OT through a decrease in OTR density and
downstream signaling.^^-ioo This phenomenon was also examined in an
ovine model where we do not find an increase in preterm delivery in high-

altitude pregnant sheep. Additional studies conducted by Dr. Rhee found
a decreased ovine myometrial contractility following exposure to LTH.^oi
Based on these findings, the following h3rpotheses were formulated:

1. To determine the effect of LTH on Ca2+ handling in pregnant sheep
myometrium. We will test the hypothesis that LTH suppresses

myometrial contractility in pregnant sheep by affecting the Ca^^
signaling cascade.

2a. To determine the effect of LTH on BK channel regulation of
contractility in pregnant sheep myometrium. We will test the
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hypothesis that LTH suppresses myometrial contractility in
pregnant sheep by increasing BK channel activity.
2b. To determine the effect of LTH on the expression of BK channel
subunits in pregnant sheep myometrium. We will test the

hypothesis that LTH activates BK channels by regulation of a
and/or p subunit expression in pregnant sheep myometrium.
3. To determine the effect of LTH on the levels of PKG in pregnant
sheep myometrium. We will test the hj^othesis that LTH

suppresses

myometrial

contractility

in

pregnant sheep

by

increasing PKG activity.
In this dissertation, Chapter 1 provided the background for an
understanding of the physiology and pathophysiology of uterine

contractility, especially related to LTH.
Chapter 2: Long-term Hypoxia Alters Ca^^ Regulation in Near-Term
Ovine Myometrium examines various aspects of Ca^^ handling in the
pregnant sheep myometrium. This study found an increase in the
dependence of ovine uterine smooth muscle on extracellular Ca^^ influx

through the L-t3rpe, voltage-gated Ca?^ channels following LTH. This
effect was mediated by a decline in importance of the OT-induced, PLC-

mediated pathway. This study also concluded that CICR did not play a
major role in uterine contractility.

Chapter 3: Long-term Hypoxia Regulates BK Channels in Pregnant
Sheep Myometrium explores the impact of K+ regulation through BK
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channels. This study found increased myometrial BK channel activity
overall as well as a decreased BK channel P:a subunit ratio in the
circular layer.

Chapter 4: KT-5823 Alters PKG Activity in Pregnant Sheep

Myometrium Follotving Long-term Hypoxia analyzes the role of PKG and
its influence on myometrial contractility. This study found evidence for
decreased PKG activity in myometrium treated with the PKG inhibitor,
KT-5823 with a possible switch of PKG activity from inhibitory to

stimulatory in LTH circular muscle. The results of this study were
complicated by the fact that some controversy exists regarding the
specificity and effectiveness of KT-5823 as a reliable inhibitor of PKG
activity.

Finally, Chapter 5 provides a summary of major conclusions and
discusses the ramifications of these results. Perhaps one of the most

intriguing explanations for the adaptation of myometrium to LTH is the
recent discovery of caveolae and their associated signal transduction
complexes including L-type Ca^^ channels and BK channels. A greater
understanding of these aspects of myometrial adaptation will help
address the clinical treatment of preterm labor and other perinatal
complications.
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CHAPTER TWO
LONG-TERM HYPOXIA ALTERS CALCIUM REGULATION
IN NEAR-TERM OVINE MYOMETRIUM

Published in Biology of Reproduction 71, 156-162 (2004)

Abstract

Previous studies suggest that LTH during pregnancy alters

myometrial contractility. The present study was designed to test the
hypothesis that LTH during pregnancy suppresses myometrial
contractility in sheep by affecting the Ca2+ signaling cascade. Pregnant
sheep were maintained at high altitude (3,820 m)from day 30 to 139 of

gestation when the animals were euthanized for collection of myometrial
tissue. Tissue was also collected from age-matched, normoxic controls.

Circular and longitudinal layers were separated and strips from each
layer were mounted in a muscle bath. After pre-treatment with 10"^ M OT,

the strips were exposed to increasing half- or quarter-log doses of
nifedipine, ruthenium red, ryanodine, or NCDC. Area under the
contraction curve was analyzed and pDa(- log of concentration 5delding
50% of maximum response) values and maximum relaxation responses
were calculated. The maximum relaxation response to nifedipine was
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significantly increased in both longitudinal and circular myometrial
layers from LTH compared to control tissue, while no difference was
observed in response to ruthenium red or lyanodine. The maximum
relaxation response to NCDC was significantly lower in the LTH circular

layer. Together, these data indicate an increase in the dependence of
ovine uterine smooth muscle on extracellular Ca2+ influx through the Ltype voltage-gated Ca^^ channels following LTH. This appears to occur,
not through an increase in L-type Ca2+ channels, but through a possible
decline in importance of the OT-induced PLC-mediated pathway,
resulting in a greater proportion of extracellular

contributing to

contraction. There are also layer-dependent differences between the

circular and longitudinal myometrium in response to PLC inhibition.

Introduction

The contraction of myometrial smooth muscle is an intricate
process that can be altered by many factors. One of these variables
affecting the contractile function of myometrium is hypoxia. Numerous
studies have pointed to a decrease in force production when myometrial

tissue was exposed to hypoxia [1-4]. Nevertheless, because these studies
focused on acute hypoxia, little is known about the effects of LTH on
uterine smooth muscle. We have previously shown that chronic hypoxia
decreases myometrial contractility and delays parturition in rats [5-7].
Other studies from our laboratory have demonstrated that the circular
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myometrial layer from LTH sheep myometrium also exhibits a reduced
contractile response to OT with a reduction in OTR protein. However,

despite an increase in OTR protein in longitudinal muscle, there were no

differences in contractility between control and LTH myometrium [8].
Therefore, it is likely that events downstream of the OTR such as Ca2+
regulation are also affected by LTH.
Phasic smooth muscle contractions are dependent on the cycling of
intracellular Ca2+ which can be modulated by many factors. The major
pathways involve membrane L-type Ca^"*" channels, SR lyanodine

receptors, and stimulation of FLO. L-tj^e Ca2+ channels are voltage-gated
ion channels located in the plasma membrane that allow the influx of
extracellular Ca^^ into the cytosol during depolarization. Nifedipine, a
blocker of L-type Ca2+ channels, can inhibit both spontaneous and

agonist-induced contractions in myometrium [9-12]. In contrast,
ruthenium red [13] and ryanodine [14;15] have been reported to block
Ca2+ release from IPs-insensitive

stores located in the SR. Ryanodine

receptors are gated by Ca2+ ions and associated with CICR. NCDC is a
potent inhibitor of PLC, a member of the signal transduction pathway of

OT, resulting in the production of DAG and IPs [16;17] and, ultimately,
contraction.

Embiyologically, the longitudinal and circular layers of the
myometrium originate from different embiyological tissues; thus, they
may differ substantially in their pharmacological and physiological
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properties. Numerous studies have found differences between the two

layers such as changes in electrical and mechanical properties [18],
catecholamine receptors [19;20], OT and prostaglandin sensitivity [8;2123], and OTR distribution [8;24]. Since the ovine myometrium also seems
to exhibit specific characteristics dependent on layer[8], differentiation
between layers may be important to distinguish the effects of LTH on
contractile function. The pregnant sheep is ideal for studying these
effects because it represents a well-established animal model for
parturition and separation of myometrial muscle layers for in vitro
contractility experiments is readily accomplished. The sheep is also a

widely used model for studies on the effects of chronic h3rpoxia during
pregnancy.

The present study was designed to test the hypothesis that LTH
during pregnancy suppresses myometrial contractility in sheep by

affecting the Csfi^ signaling cascade. Specifically, we collected the
myometrium from pregnant ewes exposed to hypoxia for approximately
the last 110 days of gestation, separated the longitudinal and circular
layers, and examined the effect of LTH on various aspects of Ca2+
regulation.
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Materials and Methods

Animals and Tissue Collection

Time-dated pregnant sheep of mixed Western breed were divided
between two treatment groups: normoxic control (n = 30) and LTH (n =

28). The sheep in the LTH group were maintained at high altitude
(Barcroft Laboratory White Mountain Research Station, Bishop, CA,
elevation: 3,820 m, maternal PO2: 59.1 ± 5.4 mmHg)from day 30 to day

139 of gestation (term = 146 days). After arrival at Loma Linda University
Medical Center Animal Research Facility (elevation: 346 m), each ewe

was surgically implanted with an arterial catheter and a tracheal
catheter. The maternal PO2 for the LTH group was maintained at

approximately 60 mmHg by adjusting humidified nitrogen gas flow

through the maternal tracheal catheter as previously described [8]. The
normoxic control ewes were maintained near sea level (~300 m)
throughout gestation.

Between days 139 and 141 of gestation, the animals were

euthanized and myometrial tissue was collected from the middle third of
the uterine horn. All procedures were approved by the Institutional
Animal Ceire and Use Committee of Loma Linda University and followed

the guidelines in the National Institutes of Health Guide for the Care and
Use of Laboratoiy Animals.
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Tissue Preparation

After collection, myometrial tissue was immediately placed in cold,

oxygenated Na+ Krebs buffer solution (122.09 mM NaCl, 25.59 mM
NaHCOs, 5.16 mM KCl, 2.49 mM MgS04, 11.10 mM glucose, 1.60 mM

CaCla, and 0.114 mM ascorbic acid, pH 7.4) and both endometrium and

perimetrium were removed. Under a dissecting microscojje, the
longitudinal and circular layers were separated and cut into small strips.
Each strip of myometrium was mounted in a standard organ bath filled
i
1

with Na^ Krebs and bubbled with 95% ©2:5% CO2 at 37°(j. The tissue
I

j

strips were equilibrated for a minimum of one hour befor^ experiments.

The methodology is similar to that previously described in| detail [5;6;8].
1

Experimental Design

|
i

After equilibration, the myometrial strips were gradually stretched

to optimal resting tension which was previously determined in our
I

laboratory [8] and were stimulated with 120 mM K+ three times to ensure

a maximal contractile response. After each stimulation, th^p tissues were
rinsed with Na"^ Krebs buffer and allowed to re-equilibrate |for
approximately ten minutes. Following the final re-equilibration, a IQ-^ M
dose of OT(Bachem, Torrance CA) was added to reach 75% of the
maximal contractile response (EC75) as calculated from previous studies

[8]. Fifteen minutes later, strips were exposed to increasing half-log or
quarter-log cumulative doses of either nifedipine (IQ io to lO '^ M, Sigma,
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St. Louis, MO), ruthenium red (lO-^ to 10-2-75

Sigma, St. Louis, MO),

lyanodine (10-7 to 10-^ M, Calbiochem, La Jolla, CA), or NCDC (10-^ to 102 M, Sigma, St. Louis, MO). Contractile data were collected using Labview
software (National Instruments, Austin, TX) and area under the curve

was calculated for five minute contraction intervals usingj Microsoft Excel
software (Redmond, WA)as previously described [5;8].

Statistical Analysis
The maximum relaxation response was normalized to percent of
maximum tension in response to OT. The maximum relaxation response

and the pDa (- log of concentration yielding 50% of maximum response)
were calculated with curve fitting software (Grapbpad Prism, San Diego,
,

CA). Differences between treatment groups and myometri^ tissue layers
I

were assessed by one-way analysis of variance with Bonferroni's post-boc
test where appropriate.

Results

I

Nifedipine

Figure 2 illustrates the relaxation response curves fr^m both
control and LTH myometrium treated with nifedipine. Maximum
relaxation responses and pD2 values are listed in Table 1. A significant
difference in the maximum relaxation response was observed between

groups for both circular (58.52 ± 2.62 vs. 70.59 ± 3.66 % for control and
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LTH, respectively, p < 0.05) and longitudinal layers (58.27 ± 7.33 vs.

85.84 ± 2.96 % for control and LTH respectively, p < O.Oll). The circular
layer from LTH animals also exhibited a lower pD2 value than the
circular layer from control animals (6.67 ± 0.07 vs. 6.04 t 0.10 for
1

control and LTH respectively, p < 0.01). When comparisons were made

between layers within groups, the longitudinal layer fromi LTH animals
relaxed more than the circular layer (70.59 ± 3.66 vs. 85.84 ± 2.96 % for
circular and longitudinal layers respectively, p < 0.01). No differences

were observed between circular and longitudinal layers within the control
group.

Ruthenium Red

The relaxation curves obtained from LTH and contrpl myometrium

treated with ruthenium red are shown in Figure 3. No sigpificant

differences in maximum relaxation response or pDa were observed when
like tissue layers were compared between treatment groups. However,
1

when layers within treatment groups were compared, the

value from
j

the circular layer were significantly greater than that from'the

longitudinal layer in both control and LTH tissues (3.45 ± 0.07 vs. 3.07 ±

0.09 for control circular and longitudinal layers respectively, p < 0.01;
3.49 ± 0.07 vs. 3.15 ± 0.06 for LTH circular and longitudinial layers
1

respectively, p < 0.01, Table 1).
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Ryanodine

Treatment with ryanodine did not result in appreciable myometrial
relaxation in control or LTH myometrium, nor were there;significant

differences between layers (Figure 4).

!

NCDC

The relaxation curves obtained from circular and longitudinal

layers in LTH and control animals are shown in Figure 5,iand maximum
relaxation responses and pDa values are listed in Table 1.; Although the
maximum relaxation responses were reduced in both circular and
1

longitudinal tissues from the LTH group compared to conirol, the
difference was only significant in the circular myometrial layer (75.66 ±
3.46 vs. 63.99 ± 2.66 for control £md LTH respectively, p < 0.05). In both

control and LTH sheep, the longitudinal layer relaxed significantly more
than the circular layer (75.66 ± 3.46 vs. 93.90 ± 4.31 % for control
circular and longitudinal layers respectively, p < 0.01; 63.99 ± 2.66 vs.
81.76 ± 4.29 % for LTH circular and longitudinal layers respectively, p <

0.01). As well, in both control and LTH sheep, the pDa value from the

circular layer was significantly greater than that from the longitudinal
layer (3.40 ± 0.06 vs. 3.05 ± 0.05 for control circular and longitudinal
layers respectively, p < 0.01; 3.48 ± 0.05 vs. 2.97 ± 0.05 for LTH circular
and longitudinal layers respectively, p < 0.01).
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Discussion

To our knowledge, the present study is the first to examine the
effects of LTH on Ca2+ regulation in pregnant myometrium. More

specifically, we provide the first evidence for a greater reliance of
myometrial smooth muscle on extracellular Ca2+ rather than on
intracellular Ca^^. We show layer-dependent differences in response to

PLC inhibition as well as a negligible role for CICR via lyanodine
receptors within the ovine myometrium.

Agonist-induced, phasic contractions are due, in a large part, to
extracellular Ca?* entry through L-t5T5e voltage-gated Ca2+ channels in

the plasma membrane [25;26]. Thus, blockade of these channels with
nifedipine, a specific L-type Ca2+ channel blocker, leads to a relaxation

response. In the present study, the maximal relaxation response of both
circular and longitudinal layers in the LTH group was significantly

greater than control, demonstrating that L-type Ca2+ channels may play
an increased role in myometrial contractile activity following LTH. Since

data from the present study suggest that myometrial tissue from LTH
animals relies, to a greater extent, on extracellular Ca^^ through L-type

Ca2+ channels for agonist-induced contraction, one could hypothesize a

number of possible mechanisms. This effect could be mediated by either

1) an upregulation of L-t3^e Ca2+ channels in the plasma membrane, 2)
an activation of L-t5^e Ca^^ channels via phosphorylation, or 3) a shift in
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the dependence of the cell from intracellular to extracellular sources of
Ca2+.

While L-type Ca2+ channel number has been shown to be regulated
in several smooth muscle types such as canine colon in response to

inflammation [27] and murine myometrium during pregnancy [28],

studies in sheep cardiac muscle have failed to show an LTH-induced
change in L-type Ca2+ channel density [29]. Also, if L-t5^e Ca2+ channel
number was increased after LTH, contraction might be expected to be
increased when strips are exposed to a high K"^ solution, but previous

experiments indicate that LTH does not change active tension when
stimulated with 120 mM K"^ [8]. Thus, it appears that the number of L-

t5^e Ca2+ channels in uterine smooth muscle may not be altered after
exposure to LTH.

The L-t5^e Ca2+ channel can also be regulated by various second
messengers such as protein kinases [30]. PKC has been reported to
enhance current through L-t3q5e Ca2+ channels in myometrium [31;32].
This is presumably due to phosphoiylation of the L-type Ca2+ channel;
however, the L-type Ca2+ channel appears to be maximally

phosphorylated during resting conditions [33]. Therefore, PKC activation
should not substantially alter the activity of L-t3rpe channels. Indeed,
PKC has been shown to inhibit OT-induced phasic myometrial

contractions in the rat [34]. In our study, the most likely explanation for
the increased relaxation response in myometrium exposed to LTH seems
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to be a switch in the relative importance of the source for c3hosolic Ca2+
rise, from SR to more external forms of Ca2+.
In addition to extracellular Ca^^, intracellular Ca2+ stores can also

contribute to the Ca^^ pool available for contraction. Specifically, Ca?*
can be released from the SR via stimulation of the IP3 receptor and/or

the lyanodine receptor. Previous studies have implicated IP3 production
when agonists bind G protein-coupled receptors [35-37] whereas other
studies have indicated that myometrium may not rely heavily on SR Ca2+
release through IP3 insensitive channels [15;38]. Since all three isoforms
of the lyanodine receptor are expressed in the myometrium [39],

blockade of this receptor can help elucidate the relative importance of
CICR on agonist-induced myometrial contractility following LTH.
Ruthenium red and lyanodine have been widely used in previous

experiments to study CICR via ryanodine receptors in myometrium

[13;40;41]. However, recent studies have shown that ruthenium red may
have a nonspecific inhibitory effect on many proteins important to Ca2+
regulation such as voltage-gated channels [42], plasma membrane Ca2+
pumps [43], and Ca2+ binding proteins such as calmodulin [44;45]. We
found that the relaxation response to ruthenium red was similar between

control and LTH groups and followed a similar pattern as the response
observed with nifedipine.
In marked contrast to ruthenium red, ryanodine had no effect on

myometrial relaxation in either control or LTH tissues. Ryanodine
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specifically blocks the lyanodine receptor in the "open" position [46] and
is inhibitory at high concentrations (greater than 10 pM)[47]. Thus, it

appears that the majority of the relaxation occurring during ruthenium
red inhibition was due to nonspecific effects. Indeed, since the relaxation

response induced by ruthenium red was actually greater than that
induced by nifedipine, it is likely that the effect of ruthenium red is due
to its blockade of voltage-gated Ca2+ channels in the plasma membrane

plus additional effects on other Ca^^-related proteins. The inability of
ryanodine to inhibit myometrial contraction is in agreement with the
conclusions of others that there is no clear role for CICR in smooth

muscle despite the presence of lyanodine receptors [48]. Thus, the role of
CICR mediated through ryanodine channels appears to be negligible in
sheep myometrium.
The lack of difference between control and LTH animals after

ruthenium red treatment is another indication that the population

density of L-t5^e Ca^^ channels is not altered by LTH. If ruthenium red

actually blocks Ca^^-related mechanisms in the myometrium including a
large effect on L-type Ca2+ channels, one would expect an increased
relaxation response in LTH animals similar to the response to nifedipine.
Instead, LTH had no effect on relaxation caused by exposure to
ruthenium red. The lack of such a relaxation response supports the idea

that LTH does not change L-type Ca^^ channel density. Although
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differences in pD2 could suggest a difference in affinity, the physiological

significance of changes in exogenous antagonist affinity is unclear.
A major component of agonist-induced myometrial contraction
involves the activation of PLC and the subsequent release of IPs and DAG.

Previous studies have not only shown that PLC is expressed in

myometrium [49;50] but have also supported the idea that PLC plays an
important role in OT-generated phasic myometrial contractions [51].
When PLC was inhibited with NCDC, the longitudinal layer relaxed more

than the circular layer regardless of the treatment group. Data from the

present study not only provide the first evidence for a role of PLC in ovine
myometrium but also are the first to show a PLC-related difference
between circular and longitudinal smooth muscle layers. The

longitudinal layer exhibited significant differences in the maximum
relaxation response and pDa compared to the circular layer following
NCDC in both control and LTH tissues (Table 1). Whether this effect is

due to a layer-dependent difference in L-type Ca2+ channels or more

complex modulation within the cell is uncertain. However, these results
further emphasize the differential responsiveness between the circular
and longitudinal layers and underscore the importance of differentiating
between the two layers when evaluating changes in myometrial
contractile function.

Results from NCDC study also extend the idea that the

myometrium is decreasing its dependence on intracellular sources for
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Ca2+ and enhancing the importance of extracellular Ca2+ entry following
LTH. The reduction in maximum relaxation in the LTH myometrium

compared to control in response to NCDC suggests that the LTH tissues
are less dependent on the PLC-mediated pathway for contraction. Thus,
if intracellular Ca?* release is reduced and the number of L-type Ca2+
channels remains the same, the relative percentage of Ca?* ions entering

the cytosol is shifted toward extracellular Ca^^ ions. Presumably, a
decreased reliance on the OT-induced PLC pathway would manifest itself
in decreased IP3 production since ryanodine receptors do not seem to

play a sighificant role in intracellular

regulation. In fact, other

studies from our group have shown that the IP3 pathway in vascular
smooth muscle is suppressed in LTH animals [52;53].

It is possible that large conductance, Ca^^-gated K+ channels BKca
may be involved in the decreased contractility of LTH myometrium.
Because the cell relies more on extracellular Ca2+ through voltage-gated
Ca2+ channels, the surface membrane excitability will have a greater

impact on contractile activity. For a given rise in intracellular Ca^^, BKca
channels would be activated and the resultant decrease in membrane

excitability would suppress L-t3^e channel opening. Because the hypoxic

myometrium is more dependent on extracellular Ca2+ entry, the decrease
in Ca2+ influx would cause LTH tissue to be less contractile. BKca

channels are expressed in human myometrium [15;54] but have not been
studied in sheep myometrial tissue.
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In conclusion, our results support,the findings that LTH increases

the dependence of ovine uterine smooth muscle on extracellular Ca2+
influx through the L-type voltage-gated Ca2+ channels. This appears to
occur, not through an increase in L-t3rpe Ca^^ channels, but through a

possible decline in importance of the OT-induced PLC-mediated pathway,
resulting in a greater proportion of extracellular Ca?* contributing to
contraction. Also, CICR does not seem to play a significant role in

myometrial contractility in sheep. Finally, there are layer-dependent
differences between the circular and longitudinal layers. Although

beyond the scope of the present study, future studies will focus on
elucidating changes in L-t5rpe Ca2+ channel density and IP3 production
before and after exposure to LTH.
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Figure 2. Relaxation responses to nifedipine in circular (A) and
longitudinal (B) myometrial smooth muscle from control (n = 9) and LTH
(n = 8) sheep. Responses are represented as the area under the
contraction curve normalized to a percentage of maximum tension. All
values represent mean ± SEM.
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Figure 3. Relaxation response to ruthenium red in circular (A) and
longitudinal (B) myometrial smooth muscle from control (n = 9) and LTH
(n = 6) sheep. Responses are represented as the area under the
contraction curve normalized to a percentage of maximum tension. All
values represent mean ± SEM.
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Figure 4. Relaxation response to ryanodine in (A) circular and (B)
longitudinal myometrial smooth muscle from control(n = 6) and LTH (n
6) sheep. Responses are represented as the area under the contraction
curve normalized to a percentage of maximum tension. All values
represent mean ± SEM.
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Figure 5. Relaxation response to NCDC in circular (A) and longitudinal
(B) myometrial smooth muscle from control (n = 6) and LTH (n = 8) sheep.
Responses are represented as the area under the contraction curve

normalized to a percentage of maximum tension. All values represent
mean ± SEM.
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81.76l4.29t

93.9014.3It

2.97+0.05t

3.05±0.05t

63.99+2.66*

75.6613.46

3.40+0.06

3.4810.05

LTH (8)

75.9917.26
83.0715.67

3.0710.09t
3.1510.06t

72.7514.24

85.8412.96**t

81.6314.44

5.9610.06

70.5913.66*

58.2717.33

relaxation (%)

Max.

3.49+0.07

6.2610.18t

pDs

58.5212.62

relaxation (%)

Max.

Longitudinal

3.4510.07

Control (9)
LTH (6)
Control (6)

•k*

Control (9) 6.67±0.07
LTH (8)
6.04+0.10

(n) number of animals in each group
* p < 0.05; ** p < 0.01,(LTH vs. control)
t p < 0.01,(circular vs. longitudinal)

NCDC

Ruthenium Red

Nifedipine

pDa

Circular

Table 1. Myometrial relaxation response to nifedipine, ruthenium red, and NCDC.

CHAPTER THREE

LONG-TERM HYPOXIA REGULATES BK CHANNELS
IN PREGNANT SHEEP MYOMETRIUM

Abstract

We have previously shown that LTH during pregnancy decreased

myometrial contractility. Because the opening of BK channels is

generally known to facilitate smooth muscle relaxation, the present study
was designed to test the hypothesis that LTH suppresses myometrial
contractility in pregnant sheep by increasing the activity and/or protein
expression of BK channels. Myometrium was collected from near-term
pregnant sheep exposed to high altitude and from normoxic pregnant
controls. Circular and longitudinal myometrial strips were treated with
TEA or IbTX in in vitro smooth muscle baths. Western blot analysis was

performed for BKa amd BKpi subunit protein. No significant differences
in response to TEA were found between treatment groups or between

layers. However, the maximum tension response to IbTX in the LTH

group was significantly increased in both layers. Also, the longitudinal
layer demonstrated a significantly greater pD2 value to IbTX than the
circular layer in both control and LTH myometrium. Western blot
analysis revealed two immunolabeled pi subunit bands (38 and 48 kDa),
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but did not show any significant differences between treatment groups or
layers. However, the BK P:a subunit ratio (using either the 48 kDa P
band only or combined with the 38 kDa P band) showed a significant
decrease in the circular layer after exposure to LTH. We conclude that

myometrial BK channel activity in pregnant sheep is increased after
exposure to LTH, and that the P:a subunit ratio provides a possible
mechanism for this effect, thereby decreasing myometrial contractility.

Introduction

The tone of myometrial smooth muscle is closely regulated, first
with uterine quiescence during pregnancy and then subsequently with
the initiation of labor. Although many factors are involved in the

regulation of uterine contractility, hypoxia has been clearly shown to
decrease contractile function in pregnant myometrium. While acute

hypoxia decreases myometrial force production,!-'^ much less is known
about the impact of LTH on uterine smooth muscle. We found that
chronic h3rpoxia decreased myometrial contractility and delayed
parturition in rats.5-7 Other studies from our laboratory have
documented a reduction in OTR protein^ and a shift in Ca?* dependence
from intracellular to extracellular sources following LTH.^

Transmembrane potential is a prominent regulator of myometrial
contractility primarily by regulation of K+ channels, especially the large
conductance, Ca2+-activated K+ channel(BK or maxi-K channel).
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BK

channels consist of a tetrameric pore-forming alpha (a) subunit with up
to a 1:1 ratio of regulatory beta (P) subunits.^2,13 Several types of p
subunits have been cloned from mammalian tissues including the p2

type from chromaffin cells and the P4 t3rpe from the central nervous

system. The pi type (pi) is commonly expressed in smooth muscle.
The BK channel is both voltage-dependent and Ca2+-sensitive.i3,i4

As depolarization opens voltage-gated Ca^^ channels and elevates
intracellular Ca^^ levels, BK channels function in a negative feedback role

to limit contractility. Further, the regulatory p 1 subunits modulate the
Ca2+ sensitivity of the BK channels, increasing sensitivity to Ca^^ up to
10-fold.15

BK channels play a role in uterine quiescence during gestation. For

example, a and p subunits are known to increase throughout gestation
and then sharply decrease after parturition.15-1^ Currently, little is known
about the factors regulating the relative amounts of a and P subunits,
especially in LTH.

Various pharmacologic tools are used to study the BK channel.
TEA is a nonspecific inhibitor of K"^ channels including the BK channel.

Indeed, there are reports that TEA can differentially inhibit BK channels
at submillimolar concentrations,i^-^o On the other hand, IbTX, a peptide

scorpion toxin, acts as a much more specific blocker of BK channels.21.22
The pregnant sheep is a well-established mammalian model for
parturition and LTH. In addition, the myometrial circular and
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longitudinal muscle layers of the ovine uterus are readily separated so
that the properties of each layer can be studied independently. This is

especially important because the embryological origins of the two

myometrial muscle layers are distinct and they differ in their
pharmacological and physiological properties.8.23-29
The present study tested the hypothesis that LTH during

pregnancy suppresses myometrial contractility by increasing the activity

and/or protein expression of BK channels. Specifically, we collected the
myometrium from pregnant ewes exposed to hj^oxia for approximately
the last 110 days of gestation, separated the longitudinal and circular
layers, and examined the effect of LTH on aspects of BK channel function.

Materials and Methods

Animals and Tissue Collection

Time-dated pregnant sheep of mixed Western breed were divided
between two treatment groups: normoxic control and LTH. The sheep in

the LTH group were maintained at high altitude (Barcroft Laboratory
White Mountedn Research Station, Bishop, CA, elevation: 3,820 m,

maternal PO2: 59.1 ± 5.4 mmHg)from approximately day 30 to day 138
of gestation (term =146 days). After arrival at Loma Linda University
Medical Center Animal Research Facility (elevation: 346 m), each ewe

was surgically implanted with a tibial arterial catheter and a tracheal
catheter. The maternal PO2 for the LTH group was maintained at
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approximately 60 mmHg by adjusting humidified nitrogen gas flow
through the maternal tracheal catheter as previously described.s The
normoxic control ewes were maintained near sea level (~300 m)

throughout gestation.

Between days 138 and 141 of gestation, the animals were

euthanized and myometrial tissue was collected from the middle third of
the uterine horn. All procedures were approved by the Institutional
Animal Care and Use Committee of Loma Linda University and followed

the guidelines in the National Institutes of Health Guide for the Care and
Use of Laboratory Animals.

Contractility Studies

Tissue Preparation

After collection, myometrial tissue was immediately placed in cold,

oxygenated Na"^ Krebs buffer solution (122.09 mM NaCl, 25.59 mM
NaHCOa, 5.16 mM KCl, 2.49 mM MgS04, 11.10 mM glucose, 1.60 mM
CaCl2, and 0.114 mM ascorbic acid, pH 7.4). Under a dissecting

microscope, both endometrium and perimetrium were removed, and the
longitudinal and circular layers were separated. Each layer was cut into
5x2 mm strips and mounted in a standard organ bath filled with Na^
Krebs and bubbled with 95% ©2:5% CO2 at 37°C. The tissue strips were

equilibrated for a minimum of 1 h before experiments. The methodology
is similar to that previously described in detail.
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Bath Studies

After equilibration, the myometrial strips were gradually stretched
to optimal resting tension (1 g) which was previously determined in our
laboratory^ and were contracted with 120 mM K+ three times to ensure a
maximal contractile response. After each contraction, the tissues were
rinsed with Na^ Krebs buffer and allowed to re-equilibrate for

approximately 10 min. Following the final re-equilibration, a 10"® M dose

of OT(Bachem, Torrance CA) was added to generate 75% of the maximal
agonist-induced contractile response (EC75) as calculated from previous
studies.® Fifteen min later, strips were exposed to increasing half-log
cumulative doses of either TEA (10 ® to lO'i® M, Sigma, St. Louis, MO) or

IbTX (10-12 to 10"® M, Calbiochem, La Jolla, CA). Contractile data were

collected using Labview software (National Instruments, Austin, TX) and
the area under the curve was calculated for 5 min contraction intervals

using Microsoft Excel software (Redmond, WA)as previously described.®'®

Western Blot Analysis

Tissue Preparation

Myometrial tissue was placed in cold Na+ Krebs buffer after
collection. Both endometrium and perimetrium were removed, and the

longitudinal and circular layers were separated under a dissecting
microscope. The myometrial layers were snap frozen in liquid nitrogen
and stored at -80°C.
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Membrane Preparation

The frozen longitudinal and circular layers of myometrium were

pulverized with a mortar and pestle. The resulting powder was
homogenized in cold Tris-EDTA buffer (50 mM Tris, 5 mM EDTA, pH 7.4)
containing a protease inhibitor cocktail (Roche Applied Science,

Indianapolis, IN). After serial trituration through 18 and 22 gauge
needles, the samples were centrifuged at low speed for 2 min at room

temperature, and the foam removed. The samples were then centrifuged
at 2,000 X g (Beckman Allegra 64R, F2402H rotor, Fullerton, CA)for 10
min at 4°C. The supernatant was then centrifuged at 20,000 x g for 20
min at 4°C. The resulting supernatant was then centrifuged at 44,371 x

g for 1 h at 4°C. The pellet was resuspended in 100-300 ul Tris-buffered
saline with 1% Tween-20 (TTBS) for 1 h on ice. Protein concentration was

measured on a spectrophotometer (Nanodrop ND-1000, Wilmington, DE)
at 260 nm. The resuspended samples were stored at -80°C until
electrophoresis.

Gel Electrophoresis

Proteins (180 pg/lane) were separated on a precast 10% Tris-HCl

Ready Gel (Bio-Rad, Hercules, CA)for approximately 1 h at 150 volts and
transferred to a 0.45 pm nitrocellulose membrane (Bio-Rad, Hercules, CA)

using a wet transfer blot cell (Bio-Rad, Hercules, CA)for 2 h at 27 mA.

Completeness of transfer was checked with Ponceau S solution. The
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membranes were blocked with a 5% milk solution using TTBS (Bio-Rad,

Hercules, CA)for 1 h at room temperature. After blocking, the blots were
washed 3 times in TTBS for 10 min each and once in Tris-buffered saline

(TBS)for 10 min. The membranes were then incubated in affinity-

purified primary antibody using an anti-BK a subunit primary antibody
(amino acids 1184-1200; Alomone Labs, Jerusalem, Israel; 1:500
dilution in TTBS) or affinity-purified anti-BK pi subunit primary
antibody (amino acids 2-17; Alomone Labs, Jerusalem, Israel; 1:250
dilution in TTBS) overnight at room temperature. The following day the
blots were washed 3 times in TTBS for 10 min each and once in TBS for

10 min. Then the membranes were incubated in horse radish peroxidase

(HRP)-conjugated goat anti-rabbit secondary antibody (Bio-Rad, Hercules,
CA; 1:2000 dilution in TTBS)for 3 h at room temperature. The blots were
washed 3 times in TBS for 10 min each. Bands were visualized using a

colorimetric HRP substrate system (Bio-Rad, Hercules, CA) and

photographed using a digital imaging system (Alpha Innotech, San
Leandro, CA). After imaging, the membranes were stripped using a
stripping solution [100 mM 2-mercaptoethanol, 2%(w/v) SDS, 62.5 mM
Tris-Cl, pH 6.7] for 30 min at 50°C. The probing procedure was repeated
using a chicken anti-glyceraldehyde phosphate dehydrogenase(GAPDH)

primary antibody (Chemicon, Temecula, CA; 1:300 dilution in TTBS) and
a donkey anti-chicken secondary antibody (Chemicon, Temecula, CA;
1:2500 dilution in TTBS).
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Statistical Analysis

For the contractilily studies, the maximum contractility response
was normalized to percent of baseline tension in response to OT as

previously described.® The maximum contraction response and the pDa
(- log of concentration yielding 50% of maximum response) were
calculated with curve fitting software (Graphpad Prism, San Diego, CA).
For the Western blot analysis, the density of each band was

measured using AlphaEase image analysis software (Alpha Innotech, San
Leandro, CA) and expressed as an integrated density value. Each

datapoint was normalized to the GAPDH standard, except in the case of
the |3:a calculations since ratios are independent of loading artifact.
Differences between treatment groups and myometrial tissue

layers were assessed by Students t-test. Data are presented as means ±
SEM.

Results

TEA Contractility Study

Figure 6 illustrates the contraction response from both control and
LTH myometrium treated with increasing doses of TEA. Maximum
tension measurements and pDa values are listed in Table 2. No

significant differences in myometrial contractility or pDa were found
when control and LTH groups were compared, nor were significant
differences found between layers (data not shown).
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Iberiotoxin Contractility Study

The contractile responses from both control and LTH myometrium
treated with increasing doses of IbTX are shown in Figure 7. Maximum

tension measurements and pDa values are listed in Table 2. In both

muscle layers, the LTH myometrium exhibited a significantly increased
contractile response compared to control (circular: 13.4% ± 5.75% vs.
35.6% ± 5.61% for control and LTH, respectively, p < 0.05; longitudinal:
13.0% ± 2.90% vs. 32.4% ± 6.09% for control and LTH, respectively, p <

0.05). No significant differences in maximum tension were observed
between myometrial layers. Further, no significant differences were
observed in pD2 values when treatment groups were compared, but in
both control and LTH sheep myometrium, the longitudinal muscle layer

demonstrated a significantly greater pDa value than the circular muscle

layer (control: 7.3 ± 0.79 vs. 9.7 ± 0.58 for circular vs. longitudinal,
respectively, p < 0.05; LTH: 7.4 ± 0.31 vs. 8.9 ± 0.47 for circular vs.
longitudinal respectively, p < 0.05)(Figure 8).

Western Blot Analysis

Because these findings indicated that the myometrial contractile

responses to IbTX were altered during LTH, we decided to measure

protein expression of the a and P1 subunits to determine if either
subunit was regulated. The relative expression of BK channel subunits
was determined using Western blot analysis. Immunoblotting with a
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specific affinity-purified polyclonal antibody for the BK channel a subunit
detected a single ~118 kDa band. Immunoblotting with a specific affinity-

purified polyclonal antibody for the BK channel P1 subunit detected two
separate bands, one -48 kDa and the other -38 kDa. Preabsorption of
the anti-BK pi antibody with its cognate peptide resulted in over a 70%

reduction in relative optical density of both the upper and lower bands,

indicating specificity of the antibody and the authenticity of the bands.
Figure 9 shows a representative Western blot of the a and pi subunits.
Densitometry does not reveal any significant differences between

treatment groups or layers (data not shown). However, when comparing
the ratio between the p and a subunits, the circular layer shows a

significant decrease during LTH when using either the upper band of the
P subunit or both upper and lower bands combined (Pupper:a 1.46 ±0.17
vs. 0.97 ± 0.12 for circular control and LTH respectively, p < 0.05; Pcomb:a
4.49 ± 0.65 vs. 2.84 ± 0.24 for circular control and LTH, respectively, p <

0.05; see Figure 10 and Table 3)

Discussion

To our knowledge, the present study is the first to examine the
effects of LTH on BK channel regulation in pregnant myometrium. By

examining functional channel activity as well as channel protein

expression, we provide novel evidence of the role of BK channels in sheep
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myometrium during LTH. We also show layer-dependent differences at
both the functional and the protein level.

Contractility Studies

When K"^ channels were blocked with TEA, myometrial contractility
increased, but no differences in myometrial contractility were noted

either between treatment groups or myometrial layers. Since TEA inhibits
most voltage-sensitive K+ channels in a nonspecific manner, it can serve
as a measure of overall K"^ channel activity; however, this does not reveal
how the BK channel itself is involved. Reports from the literature suggest
that TEA can inhibit BK channels at submillimolar concentrations,

However, we were tinable to verify this effect in our experiments.

In contrast, blockade with IbTX, a very specific inhibitor of BK
channels, should inhibit BK channel activity in the myometrium, and

thereby increase myometrial contractility. After exposure to LTH, the
maximal contractile response to IbTX of both circular and longitudinal

layers in the LTH myometrium was greater than that in control,
demonstrating that BK channels play an increased role in suppressing
myometrial contractility during LTH.

In addition, the sensitivity of the longitudinal myometrial layer to

IbTX treatment (as measured by the pDa value) is increased when
compared with the sensitivity of the circular layer, regardless of

treatment group. Although the reason for this difference is unclear, IbTX
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has been shown to bind with higher affinity to the BK channel in the

presence of the P subunit.22 Other factors that might explain a layer-

dependent alteration in channel sensitivity to IbTX include changes in
phosphoiylation levels of either subunit or changes in subunit colocalization in the membrane.

In addition, the maximal contractile response to IbTX was

compared with the maximal contractile response to TEA in each layer.
This comparison shows the percentage of BK channel activity versus
overall K+ channel activity. We found that BK channels seem to comprise

a greater proportion of the total K+ response after exposure to LTH. In
fact, BK channel activity in the circular layer of control myometrium

contributed approximately 43% to total K+ channel activity, but after
exposure to LTH, that percentage increased to 89%. Likewise, BK
channel activity in the longitudinal layer of control myometrium
contributed approximately 28% to total K"' channel activity, but after

exposure to LTH, that percentage increased to 74%. In both cases, this
calculation equals a 46% increase in BK channel percentage of total K+
channel activity after LTH exposure. This implies that BK channel

activity increases dramatically following LTH, resulting in reduced
surface membrane excitability and maintenance of the quiescence of the
uterus during gestation.
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Western Blot Studies

Western blot analysis was conducted to determine the protein

expression levels of the BK channel a and p subunits. Initial
measurements of the individual a and P subunit protein levels did not

show any significant differences between treatment groups or myometrial

layers. On the other hand, when we compared the p and a subunits with
each other, the resulting P:a ratio decreased in both myometrial layers

after exposure to LTH, although this trend was only statistically
significant in the circular layer with ratios involving the upper p band as
well as both p bands combined together.
From the Western blot data, several interpretations are possible.
Since the initial measurements did not show any significant differences,

this finding may suggest that the increase in BK channel activity during
LTH is primarily associated with a change in the properties of the
channel and less dependent on alterations in subunit protein expression.

For example, phosphoiylation of the BK channel by PKG can enhance
open probability approximately 3-fold in Xenopus ooc3hes.30 Furthermore,
PKG and PKA have been shown to increase BK channel open probability

in pregnant human myometrial cells without an accompan5dng increase
in BK channel subunit protein,

Another possibility is that the p:a ratio is playing a major role in
determining the activity of the BK channel. Calculating the protein
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expression as an P:a ratio recognizes the fact that (3 subunits are often,
but not necessarily, associated with the a subunits.^2.33 Thus, full BK

channel activation is potentially linked to the availability of sufficient P
subunits to associate with a subunit channel-forming tetramers.

Assuming that the density of the a and p bands on a given Western blot
approximates the relative amount of these subunit proteins in the tissue
sample, then the lower p:a ratio during LTH suggests fewer p subunits
available to interact with the a subunits, and consequently, less active
BK channels.

Thus, while the functional data from our contractility studies seem

to indicate an increase in BK channel activity during LTH exposure, the

P:a ratio does not seem to confirm this finding. Of course, a key
limitation of Western blots is that they only measure total protein

expression which may obscure the actual ratio of P;a subunits forming
functional channels at the cell membrane. Further studies involving

electrophysiology may help to resolve this issue.
Nevertheless, the apparent discrepancy is best understood in the
context of the considerable functional and regulatory complexity of the

myometrium, particularly during gestation.34 One likely explanation is

that the P1 subunit has been recently found to contain endoc5dic signals
that promote internalization of the BK channel.35 Thus, the decreased
proportion of pi subunits during LTH could reduce channel turnover.
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and thereby, increase BK channels on the cell surface with a resulting
increase in BK channel activity.

Other possibilities include post-translational changes of the
channel subunits, such as splice variation, phosphoiylation or

glycosylation. In rodents, BK channel expression is reduced in late term
myometrium through either diminished transcription or altered traffic.^6
We also know that the a and (3 subunits are regulated over the course of

gestation. In the mouse myometrium, the a subunit increases over the
course of pregnancy, while the ^ subunit peaks mid-gestation and then
decreases until parturition. Thus, the primary role of the P subunits to

ensure myometrial relaxation during gestation diminishes as the uterus
prepares for the onset of labor. If this pattern is accentuated during LTH,
then it could explain the diminished P:a ratio in the near-term sheep
myometrium.

The myometrial layers are functionally and embryologically distinct,
with the circular layer being less sensitive to OT and PG,26-28 has fewer

OTRs,29 a- and p-adrenoreceptors,24,25 and reacts less to mechanical
stretch.23 However, little is known about the specific effects of LTH on

each myometrial layer. A decrease in myometrial OTRs® as well as
alterations in the PLC-mediated pathway occur during LTH,^ but no

studies have examined layer-dependent changes in BK channel activity

or expression. The LTH circular layer exhibits a significant decrease in
the p:a ratio, while the longitudinal layer follows this trend, but not
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significantly. So while the P:a ratio is always reduced after LTH, this
difference only becomes significant in the circular layer.
In conclusion, the results from our contractility studies support

the findings that LTH increases the activity of BK channels, thereby

suppressing uterine contractility. This appears to occur by a dramatic
increase in the BK channel component of overall

channel activity

following LTH. The results from our Western blot studies point to a
decreased P:a subunit ratio following LTH, particularly in the circular

myometrial layer. Although the (3:a ratio may provide a possible
mechanism for decreased contractility during LTH,further studies are

still needed to fully understand the complex mechanisms by which LTH
regulates BK channel activity in the pregnant myometrium.
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Figure 6. Contraction responses to TEA in circular (A) and longitudinal
(B) myometrial smooth muscle from control (n = 5) and LTH (n = 6-7)
sheep. Responses are represented as the area under the contraction
curve normalized to a percentage of baseline OT-induced tension. All
values represent the mean ± SEM.
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Figure 7. Contraction responses to IbTX in circular (A) and longitudinal
(B) myometrial smooth muscle from control(n = 5) and LTH (n = 6-7)
sheep. Responses are represented as the area under the contraction
curve normalized to a percentage of baseline OT-induced tension. All
values represent the mean ± SEM.
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Figure 8. Contraction responses to IbTX in circular (n = 5-6) and
longitudinal (n = 5) myometrial smooth muscle from control (A) and LTH
(B) sheep. Responses are represented as the area under the contraction
curve normalized to a percentage of baseline OT-induced tension. All
values represent the mean ± SEM.
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Figure 9. Representative Western blot of BK channel a and (3 subunits.
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Figure 10. Densitometric ratio of the BK channel P to a subunits in

circular and longitudinal layers from control(n = 4-5) and LTH (n = 5-6)
sheep myometrium. Values are presented as means ± SEM. * p < 0.05,
control vs. LTH.
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Table 2. Myometrial contractile responses to TEA and IbTX.
Circular^

TEA

IbTX

Longitudinal

Group®

pDa

Control (5)

2.64±0.299

30.9±5.04

2.66±0.260

47.3±6.60

LTH (6-7)

3.12±0.263

39.8±5.48

3.11±0.345

44.0±8.01

Control (5)

7.29±0.789

13.4±5.75

9.66±0.579d

13.0±2.90

Tmax

pDa

Tmax

LTH (5-6)
7.43±0.313 35.6±5.6lc 8.92±0.470d 32.4±6.09c
® Value in parentheses represents the number of animals in each group,
b Values are presented as mean ± SEM.
c p < 0.05, control vs. LTH
p < 0.05, circular vs. longitudinal
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vO
-P^

3.02±0.52
1.97±0.04

2.84±0.24c 0.97±0.12<=

P'Olower

1.46±0.17

4.49±0.65

P.Qupper

1.35±0.06

P'Q-upper

2.42±0.13 0.98±0.18

3.23+0.34

P.Q-combo

p < 0.05, control vs. LTH

Values are the mean ± SEM.

1.79±0.34

2.08±0.24

P'Ulower

Longitudinal'*

a Value in parentheses represents the number of animals in each group.

Control (4-6)<*
LTH (5-6)a

P^Qcombo

Circular^

Table 3. Densitometric ratio of BK channel (3 to a subunit.

CHAPTER FOUR

KT-5823 ALTERS PKG ACTIVITY IN PREGNANT SHEEP MYOMETRIUM
FOLLOWING LONG-TERM HYPOXIA

Abstract

We have previously shown that LTH during pregnancy decreased
myometrial contractility. Because PKG can modulate various contractile
proteins and facilitate smooth muscle relaxation, the present study was
designed to test the hypothesis that LTH suppresses myometrial
contractility in pregnant sheep by increasing the activity of PKG.
Myometrium was collected from near-term pregnant sheep exposed to

high altitude and from normoxic pregnant controls. Circular and
longitudinal myometrial strips were treated with KT-5823, a putative
specific inhibitor of PKG, in in vitro smooth muscle baths. Regardless of
myometrial layer, the LTH tissue always exhibited a decreased contractile
response compared to the normoxic control tissue. In the circular muscle,
the contractility of the control tissue did not significantly change after

KT-5823 exposure while the LTH tissue significantly decreased by

approximately 18%. In the longitudinal muscle, the contractility of the
control tissue significantly increased by approximately 12% after KT5823 exposure while the LTH tissue did not change significantly. We
conclude that either 1) PKG exhibits a relaxatory effect on longitudinal
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control myometrium and a stimulatory effect on circular LTH
myometrium, or 2) KT-5823 is not a reliable inhibitor of PKG activity
based on these results combined with previous studies.

Introduction

Although the primaiy function of uterine smooth muscle is to
provide contractions during labor and delivery of the fetus, the uterus
remains in a generally relaxed state throughout most of gestation. Among
other contributing factors such as progesterone levels and BK channel

activity, uterine quiescence is widely regulated by protein kinases which
phosphorylate a number of proteins that are able to modulate the
contractile apparatus of the myocyte. The cyclic nucleotides-activated
protein kinases such as PKG and PKA are well-known to play key roles in
the myometrium.i
Protein kinase G, a cGMP-dependent protein kinase, is part of the
nitric oxide (NO)/cGMP pathway that promotes relaxation among other
things. Two types of PKG have been identified in eukaiyotic cells, type 1
and type II. The soluble form, PKG I, is widely distributed throughout the
body including cardiac and smooth muscle. The membrane-associated

particulate form, PKG 11, has a more limited tissue distribution including
intestinal muscosa and brain.2 The common pathway begins with the

production of NO from arginine by NO synthase. NO then stimulates
guanylate cyclase to generate cGMP from GTP.3 When bound, cGMP
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activates PKG which phosphoiylates contraction-related substrates,
ultimately leading to a decrease in the amount of intracellular Ca2+
available for contraction. For a comprehensive overview of the

NO/cGMP/PKG signal transduction system, see Schlossmann et alA
However, recent studies have disputed a major role for the
NO/cGMP/PKG pathway in myometrium and instead have proposed a
model independent of cGMP that works through other direct or indirect
effects.5-8 Furthermore, this myometrial pathway may also diminish in
importance as term approaches.

Many of the phosphoiylation sites for PKG are associated with

cellular components involved in the production of force. Firstly, the
kinase has been shown to inhibit voltage-gated Ca?^ channels which are

responsible for the influx of extracellular Ca2+ into the celL^i-i^ Secondly,
PKG also can phosphorylate IPs-gated receptors and inhibit the release of

SR Ca2+ through the PLC-mediated pathway,

Also, cGMP stimulation

of PKG leads to activation of BK channels and a decrease in surface

membrane excitability in a variety of smooth muscle types^5-2o including
myometrium.21 For example, when PKG was added to inside-out patches

in cerebral vascular cells, BK channel activity increased by
approximately eightfold, In addition, PKG indirectly inhibits PLC by

phosphorylating RGS4, a regulator of G protein signaling that enhances
the activity of Guq ATPase activity.22 Finally, PKG has been implicated in
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the phosphoiylation of a Na^/Ca2+ exchanger,23 phospholamban,^^ and a
protein regulator of Ca2+ ATPase at the plasma membrane.23
During pregnancy, hypoxia is also known to decrease the
contractility of the myometrium. While the effects of acute hypoxia have
been studied in detail,23 much less is known about LTH. PKG levels are

known to increase by twofold in the rat lung after exposure to chronic
hypoxia.27 Previous studies from our lab have shown a decreased
myometrial contractile response after exposure to high-altitude, LTH.
While part of this effect is due to alterations in Ca2+ and K+ regulation28
(see Chapters 2 and 3), the multiple pro-relaxant actions of PKG make it
a plausible candidate to explain the effects of LTH.
The pregnant sheep is a well-established mammalian model for
parturition and LTH. In addition, the myometrial circular and
longitudinal muscle layers of the ovine uterus are readily separated so
that the properties of each layer can be studied independently. This is
especially important because the embryological origins of the two

myometrial muscle layers are distinct and they differ in their
pharmacological and physiological properties.29-36

The present study tested the hypothesis that LTH during
pregnancy suppresses myometrial contractility by increasing the activity
of PKG. Specifically, we collected the myometrium from pregnant ewes

exposed to h3^oxia for approximately the last 110 days of gestation,
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separated the longitudinal and circular layers, and examined the effect of
LTH on PKG activity.

Materials and Methods

Animals and Tissue Collection

Time-dated pregnant sheep of mixed Western breed were divided
between two treatment groups: normoxic control and LTH. The sheep in

the LTH group were maintained at high altitude (Barcroft Laboratory
White Mountain Research Station, Bishop, OA, elevation: 3,820 m,

maternal PO2: 59.1 ± 5.4 mmHg)from approximately day 30 to day 139

of gestation (term =146 days). After arrival at Loma Linda University
Medical Center Animal Research Facility (elevation: 346 m), each ewe

was surgically implanted with a tibial arterial catheter and a tracheal
catheter. The maternal PO2 for the LTH group was maintained at

approximately 60 mmHg by adjusting humidified nitrogen gas flow
through the maternal tracheal catheter as previously described. The
normoxic control ewes were maintained near sea level (-^300 m)
throughout gestation.

Between days 139 and 141 of gestation, the animals were

euthanized and myometrial tissue was collected from the middle third of
the uterine horn. All procedures were approved by the Institutional
Animal Care and Use Committee of Loma Linda University and followed
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the guidelines in the National Institutes of Health Guide for the Care and
Use of Laboratory Animals.

Experimental Design

Tissue preparation

After collection, myometrial tissue was immediately placed in cold,

oxygenated Na"^ Krebs buffer solution (122.09 mM NaCl, 25.59 mM
NaHCOa, 5.16 mM KCl, 2.49 mM MgS04, 11.10 mM glucose, 1.60 mM
CaCb, and 0.114 mM ascorbic acid, pH 7.4). Under a dissecting

microscope, both endometrium and perimetrium were removed, and the
longitudinal and circular layers were separated. Each layer was cut into
5x2 mm strips and mounted in a standard organ bath filled with Na"^
Krebs and bubbled with 95% ©2:5% CO2 at 37°C. The tissue strips were

equilibrated for a minimum of 1 h before experiments. The methodology
is similar to that previously described in detail.28.29

In Vitro Muscle Bath Studies

After equilibration, the myometrial strips were gradually stretched

to optimal resting tension (1 g) which was previously determined in our
laboratory29 and were contracted with 120 mM K+ three times to ensure a
maximal contractile response. After each contraction, the tissues were
rinsed with Na+ Krebs buffer and allowed to re-equilibrate for

approximately 10 min. Following the final re-equilibration, a 10"^ M dose
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of OT(Bachem, Torrance CA) was added to generate 75% of the maximal
contractile response (EC75) as calculated from previous studies.^9 Fifteen
min later, strips were exposed to increasing half-log cumulative doses of
KT-5823 (10-8 to IQ-^ M, Alomone Labs, Jerusalem, Israel). Contractile
data were collected using Labview software (National Instruments, Austin,
TX) and the area under the curve was calculated for 5 min contraction

intervals using Microsoft Excel software (Redmond, WA) as previously
described.29,37

Statistical Analysis
The maximum contractility response was normalized to percent of
baseline tension in response to OT as previously described.28 The
contractile response was plotted and analyzed with statistical software
(Graphpad Prism, San Diego, CA). Differences between treatment groups
and myometrial tissue layers were assessed by one-way analysis of
variance with the Bonferroni post-hoc test when p < 0.05. Data are
presented as means ± SEM.

Results

The contraction response from both control and LTH myometrium
treated with increasing doses of KT-5823 is shown in Figure 11.
Regardless of myometrial layer, the LTH tissue always exhibited a

decreased contractile response compared to the normoxic control tissue.
In the KT-5823-treated circular muscle, the contractility of the control
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tissue did not significantly change while the LTH tissue significantly
decreased by approximately 18%. In the KT-5823-treated longitudinal
muscle, the contractility of the control tissue significantly increased by
approximately 12% while the LTH tissue did not change significantly.

Discussion

In this study, we examine the effects of KT-5823 inhibition on

agonist-induced myometrial contractility in control and LTH pregnant
myometrium. We measured significant differences in PKG activity
between control and LTH tissue. However, these results may be

complicated by the potential lack of reliable KT-5823 inhibition.
After treatment with KT-5823, contractility of LTH myometrium
was decreased relative to control and regardless of layer. This result
suggests that PKG activity plays a reduced role in myometrial relaxation

following LTH. In the longitudinal layer, PKG activity in control
myometrium, as measured by KT-5823 inhibition, was essentially
abolished in LTH myometrium. In the circular layer, PKG activity as
measured by KT-5823 inhibition was negligible and, after LTH, even

indicated that PKG might be enhancing myometrial contractile function.
Another possible explanation involves recent controversy over
whether KT-5823 is a specific blocker of PKG in vivo. To date, hundreds

of studies have been published using KT-5823 to verify PKG activity in a
range of tissues. However, several recent studies have suggested that
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PKG may not be inhibited by KT-5823 in intact cells/tissues. In one
study using protein kinase assays, KT-5823 (10 pM) did not inhibit PKG

although other protein kinases such as glycogen synthase kinase 3 were
inhibited.

In another study, KT-5823 was found to inhibit PKG activity

in vitro but not in intact human platelets or rat mesangial cells. These

same investigators reported varjdng potency of PKG inhibition depending
on the batch used with some batches almost inactive.®® Thus, KT-5823

may not be as reliable a PKG inhibitor as previously thought especially
for in invo systems.

Another consideration is that the cAMP and cGMP signaling
cascades interact and overlap in a variety of ways. This so-called "cross
talk" between the PKA and PKG pathways results from the fact that

neither cyclic nucleotide has absolute specificity for its respective kinase
and can bind to its counterpart's protein kinase albeit with different
dissociation constants.^^ por instance, cAMP and cGMP both can initiate

vascular smooth muscle relaxation through PKG although the elicited
relaxation is more sensitive to cGMP.'^® Also, cGMP can induce

phosphoiylation through either PKA or PKG.i® A summary of the
extensive collaboration between the pathways has been reviewed
elsewhere.

To complicate matters further, the effects of PKG and PKA
phosphorylation on ion channels are variable. For instance, PKA
activation has been reported to inhibit, enhance, or have no effect on L-
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type Ca2+ channels although the general trend seems to support a
stimulatory effect of PKA.12 in human myometrium, BK channel
phosphorylation by PKA or PKG leads to increased activity in pregnant

tissue but to decreased activity in nonpregnant tissue.21 Thus, BK
channel phosphorylation might be related to reproductive status. The
mechanisms controlling these effects have yet to be fully elucidated.
Finally, the PKG pathway may not be pla5dng a physiologically important

role by the end of term. In pregnant rat myometrium, protein levels of
PKG are downregulated near the end of gestation along with a parallel
reduction in PKG activity. The same study noted that administration of
estradiol to ovariectomized rats resulted in increased PKG expression

while administration of progesterone antagonized this response.^ We
cannot rule out the possibility that the influence of the PKG pathway is
diminished in the latter stages of pregnancy.

In the myometrium, controversy also exists over whether NO
mediates relaxation through the cGMP/PKG signaling cascade. Because

global cGMP levels do not necessarily correlate with myometrial
relaxation, other cGMP-independent pathways have been discovered.
Possible explanations for the cGMP-independent action of NO include
direct activation of various ion channels or the local production of

uroguanylin.5'®'43 These pathways could bypass PKG entirely and
promote relaxation of the uterus through an entirely different means
although the mechanism is still undetermined.
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Overall, LTH appeared to cause a reduction in PKG activity and
possibly even switch PKG activity from inhibitory to stimulatory in
circular muscle following LTH. However, the role of the cyclic nucleotidedependent protein kinases, particularly PKG, during LTH has yet to be
fully defined. Results from our current experiments are confounded by
questions as to the reliability of the PKG inhibitor, KT-5823. Since KT5823 and other drugs in its class target the kinase ATP-binding site, we
recommend comparing the data gathered so far with experiments using

cGMP analogs such as 8-bromo-cGMP. Also, due to the cross-talk
amongst the signaling pathways, more studies are necessary to refine
our understanding of the specific contributions from PKG and PKA.

While it is likely that PKG plays a role in uterine contractility, the studies
presented in this chapter should be considered a starting point to better
understand the contribution of PKG to the unique adaptation of the
myometrium to LTH.
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CHAPTER FIVE
CONCLUSION

Introduction

In the past 40 years, the incidence of premature delivery has
remained relatively unchanged even as neonatal intensive care

technology has advanced considerably. This is largely due to the limited
treatment options available to the clinician to prolong pregnancy. Among
the various options including Ca2+ channel blockers, magnesium sulfate,

beta-mimetics, nonsteroidal anti-inflammatory drugs, and OT
antagonists, none are considered a "first-line" treatment and most only
prolong gestation for 2-7 days.i

Moreover, a large number of mothers are exposed to some type of
LTH. Thirty-eight million people live at high altitude,^ and millions of

mothers are at risk through maternal smoking, circulatory diseases, and
cardiopulmonary conditions. Many of these pregnancies are associated

with low-birth weights and lUGR; surprisingly however, mothers living at

high-altitude do not have an increased incidence of preterm Iabor.2'3

Summary

The primary objective of this project was to elucidate the
mechanisms by which long-term, high altitude h3rpoxia suppresses
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myometrial contractility in the pregnant sheep. Previous studies in the
pregnant rat myometrium demonstrated alterations in the myometrial
OTR and its receptor-coupling efficiency.4-6 Preliminary experiments in

the sheep also disclosed a reduction in myometrial contractility after LTH
exposure.4 Thus, we explored the critical pathways involved in
handling, surface membrane excitability, and myometrial relaxation in
response to LTH.
In our first series of experiments, we examined the effect of LTH on

Ca2+ regulation (Chapter 2). After LTH exposure, the relaxation due to

blockade of L-t3T>e Ca2+ channels by nifedipine was increased, signifying
a greater role of extracellular entry through voltage-gated Ca2+ channels
following LTH. Furthermore, the relaxation due to inhibition of PLC by
NCDC was decreased after LTH exposure, downpla3dng the reliance of
LTH myometrium on intracellular sources of Ca^^ released by IP3. In
addition, the contribution of CICR was negligible since ryanodine did not
elicit a change in agonist-induced myometrial contractility in control or
LTH tissue. Finally, layer-dependent differences were discovered in the
various pathways, particuleirly the PLC-mediated pathway which showed
significant differences in pD2 and maximum relaxation.

The second potential mechanism for alteration of myometrial

contractility is through large-conductance, Ca^^-activated BK channels.
Since these ion channels regulate, to a large degree, the surface
membrane excitability of the myocyte, their blockade could play a crucial
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role in the myometrial response to LTH. Our studies found that the
specific BK channel blocker IbTX inhibited BK channels to a greater
extent in LTH myometrium than in control, indicating that BK channels
exhibit increased activity following LTH (Chapter 3). Although TEA was
also used to nonspecifically inhibit K"^ channels, we could not confirm

prior reports that TEA inhibits only BK channels at millimolar
concentrations

Indeed, comparing the activity of only BK channels

with the overall activity of K+ channels suggests that the proportion of K^

channel activity due to BK channels is dramatically elevated after LTH.
To further examine the role of BK channels in response to LTH, we

also determined the protein expression of the a and (3 subunits (Chapter

3). After discovering two separate bands in our Western blot membranes
recognized by the P subunit antibody, we analyzed data for each band
separately and combined. Although the initial measurements did not
show any significant differences between treatment groups or myometrial

layers, calculation of the |3:a ratio demonstrated a decrease of this ratio
in both layers following LTH although this reduction was only significant
in the circular layer with ratios involving the upper |3 band as well as
both P bands combined. The P:a ratio is potentially meaningful because

up to four p subunits can bind to each tetrameric BK channel pore and
dramatically increase its sensitivity to Ca^+.^.io
If the ratio of P to a subunits is decreased following LTH, this
would indicate a potential decrease of BK channel activity. However, p
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subunits are also known to promote the internalization of BK channels.

Decreased channel turnover would explain how a decrease in p subunits
could result in increased functional BK channel activity as seen in the
IbTX bath studies. Another possibility is that alterations of subunit
protein expression play a minor role and that post-translational
modifications such as phosphorylation by protein kinases underlie the

elevation of BK channel activity following LTH.
Because smooth muscle relaxation can also be induced by the

cGMP-PKG pathway, we conducted experiments to study PKG activity in
the myometrium (Chapter 4). Overall, LTH appeared to decrease PKG
activity and possibly even switch PKG activity from inhibitory to
stimulatory in circular muscle following LTH. However, it has been
recently discovered that the commercially available PKG inhibitor KT-

5823 is not as reliable as previously thought. Also, the possibility of
crosstalk between various protein,kinases, including PKA, in uterine
smooth muscle is high. Thus, our results must be verified with other

PKG inhibitors or activators, and further studies involving other protein
kinases should be considered.

Despite the clear evidence that LTH can reduce uterine contractile

function by altering Ca?^ and K+ regulation related to contraction and
relaxation, we cannot rule out the possibility that other aspects of
myometrial contractility might be affected as well. Clearly, many other

steps in these signal transduction pathways are eligible for modulation.
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The possibilities include additional pathways that may impact
myometrial contractility such as the MAP kinase pathway induced by
stretch, the RhoA/Rho kinase pathway involved with Ca?* sensitization,
or the cAMP pathway associated with PG and p-adrenergic stimulation.
These changes may occur through direct regulation of key components in
the signaling cascade such as G proteins, second messengers, or protein
kinases as well as indirect mechanisms such as crosstalk with other

pathways or changes in gene expression. Of course, gap junctions,
myofilaments, and other structural changes could all be affected by LTH.

Linking LTH with Myometrial Contractility
Although we have established several mechanisms for the effects of

LTH, a clear understanding of how these individual parts work together
to facilitate uterine quiescence is still being developed. Recently, the
discovery of the close interaction of certain receptors and ion channels in
the surface membrane offers intriguing possibilities to explain the
adaptation of the myometrium to LTH.
The plasma membrane is composed of a lipid bilayer interspersed

with various proteins such as ion channels and receptors. However,

these membrane protein constituents are not evenly distributed but
rather congregate in specialized microdomains known as lipid rafts.

Enriched with cholesterol and sphingolipids, the decreased fluidity of
these domains create islands where complexes of signaling components
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assemble together. These lipid rafts can be further organized into
caveolae, invaginations of the surface membrane stabilized by the
structural protein, caveolin (see Noble et aU'^ for review).
Abundant in uterine smooth muscle, caveolae are under hormonal

control and seem to play a critical role in myometrial contractility.
Estrogen has been shown to downregulate caveolin in rat myometrium

while progesterone has the opposite effect.

When cholesterol is depleted

from the membrane using the cholesterol chelator, methyl p-cyclodextrin
(MCD), caveolae are disrupted and force production is enhanced.^4,is
This result implies that caveolae are somehow associated with

myometrial relaxation since their disruption causes contractility.
However, caveolae in canine tracheal smooth muscle have also been

shown to contain clusters of Ca^^-signaling proteins such as L-t5^e Ca2+

channels, a plasma membrane Ca2+ pump, calsequestrin, and
calreticulin.16 These findings allude to a sophisticated interplay between
the contractile and relaxant pathways found in the myometrium.
Recent studies have linked BK channels with caveolae in uterine

smooth muscle. For instance, the BK channel has been localized to

myometrial caveolae as part of a macromolecular complex including actin
and caveolin.

Other studies found that MCD reduces BK channel

conductance, consistent with BK channels being associated with
cholesterol-enriched lipid rafts.
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BK channels also interact with numerous signaling pathways in
the myometrium. After removal of cholesterol from myometrial

membranes by MCD,the dissociation constant of OT was increased 87fold, thereby shifting the OTR from a high-affinity state to a low-affinity
state.20 Along with N-lype and P/Q-type Ca2+ channels, L-type Ca?^
channels have been shown to be co-localized with BK channels in the rat

brain.21.22 when depolarized, these voltage-gated Ca2+ channels allow the
inward conduction of extracellular Ca2+ ions to facilitate muscle

contraction. Chanrachakul and colleagues found a direct protein
interaction between the BK channel and the P2-adrenoreceptor.23 fhe

P2-adrenoreceptor acts through the cAMP-mediated pathway and is the
target for a class of tocolytic agents. As well, another study found a
functional coupling between Pa-adrenoreceptors and BK channels in

human myocytes.24 In addition, Pa-adrenreceptors have also been found
in signaling complexes with L-type Ca2+ channels and the major
components of the cAMP-mediated cascade.25

Increasing evidence points to the co-localization of key signal
transduction proteins and ion channels into caveolae. Especially in light
of this dissertation, the functional coupling of L-type Ca2+ channels and

BK channels is intriguing. Their close proximity allows them to function
as negative feedback regulators of each other. Thus, one could infer that
increased activity of the BK channel during LTH hyperpolarizes the
surface membrane and promotes uterine quiescence by shifting the

118

membrane potential away from voltage-dependent L-type Ca2+ channel
activation. The opposite would also be true. The opening of L-t5^e Ca2+
channels and influx of Ca2+ is counteracted by the subsequent activation
of BK channels to limit the depolarization. Since the myometrium is more
dependent on extracellular Ca2+ for contraction following LTH,26 the
suppression of L-type Ca2+ channel activity by BK channel
hyperpolarization could lead to the reduction in myometrial contractility
observed after LTH exposure.

Conclusion

Through the studies outlined in this dissertation, we have shown

several mechanisms that contribute to diminished contractility of the
myometrium following LTH. The first is a decreased reliance on IPsassociated Ca2+ stores in the SR and a greater dependence upon external
Ca2+ entiy through L-type Ca2+ channels. The second is enhanced BK
channel activity, possibly mediated by a decreased 3:a subunit ratio. The
role of PKG following LTH requires further investigation. However, it is
clear that the factors controlling uterine contractility during pregnancy

and LTH are complex and interrelated. Redundant systems and multiple
pathways overlap with each other to ensure that parturition has the best
chance for success.

In spite of these physiological adaptations, much morbidity and
mortality is still associated with preterm labor. Preterm birth is
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associated with 70% of neonatal deaths, and preterm babies are
frequently subject to considerable long-term sequelae.28 Preterm labor

also places a tremendous burden on our healthcare system. The
inpatient healthcare expenses for preterm children cost up to 10 times
that for children born at term.29 in 2003, preterm birth accounted for

35% of all United States healthcare spending for infants and 10% of such
spending for children.^

Through a better understanding the physiological adaptations to
LTH, we may one day be able to prevent, or perhaps control, preterm
labor and all the complications that are associated with it. Such clinical

relevance makes our findings significant and provides rationale for
further investigation.
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